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Edited by Varda RotterAbstract Our previous study documented the expression of
Mta1 during spermatogenesis. Here, we present evidence for a
possible involvement of Mta1 in the regulation of testicular func-
tion, possibly by interacting with p53. A notable decrease of
Mta1 expression was revealed at postsurgical day 6, consistent
with the previously reported upregualtion of p53 in mouse crypt-
orchidism. Furthermore, in vitro over-expression of Mta1 could
remarkably elevate the resistance capability of spermatogenic
tumor cells against heat-induced apoptosis with a marked
impairment of p53 expression. These ﬁndings indicate that
Mta1 may operate as a negative modiﬁer of apoptosis by inter-
acting with p53 during gametogenesis.
 2008 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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Exposure of the testis to abdominal temperature causes
germ-cell loss in naturally occurring cryptorchidism in boys
and in experimental cryptorchid animals [1]. Previous work
has shown that the germ-cell loss associated with cryptorchi-
dism in mammalian occurs by apoptosis, but the resultant
mechanism has not been elucidated [2]. Interestingly, the bal-
ance between germ-cell proliferation and apoptosis in adults
is also critical to control spermatogenesis [3]. It has been sug-
gested that apoptosis contributes to ensuring the quality of the
gametes produced [4].
Among the diﬀerent candidates inﬂuencing the apoptotic
process during spermatogenesis, MTA1 has recently received
speciﬁc attention. mta1 was originally identiﬁed in rat meta-
static breast tumors [5]. As an internal part of NuRD complex,
MTA1 is overexpressed in various malignancies [6]. However,
emerging data suggested that Mta1 could regulate divergent
cellular pathways by modifying the acetylation status of cru-
cial target genes under both pathological and physiological
status [7].*Corresponding author. Fax: +86 029 84774508.
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sion on p53-induced apoptosis of cancer cells has been identi-
ﬁed. MTA1 had deacetylation activity on p53 in human cancer
cells, and MTA1 could inhibit p53-induced apoptosis by
deacetylating p53 [8]. Since the p53 is predominantly expressed
in tetraploid primary spermatocytes of the ﬁrst round of sper-
matogenesis, and the expression decreases dramatically at
postnatal d14 (P14) and almost disappears at sexual maturity
[9], while Mta1 is predominantly immunolocalized in the nu-
cleus of pachytene spermatocytes from P14 and reaches the
maximal level at sexual maturity [10], we speculate that the
two molecules have distinctive interaction and regulatory roles
during normal spermatogenesis. Thus, the present study was
initiated to investigate the potential relationship between the
expression of Mta1 and that of p53 in mouse testis. Testicular
expression of Mta1 was ﬁrst explored in the experimental
cryptorchidism. Furthermore, the potential involvement of
Mta1 in the heat stress-induced testicular apoptosis was
examined in transformed spermatogenic cell line GC-2spd
(ts) over-expressing Mta1. Our combined analysis would help
to understand the reproductive role of this newly characterized
molecule.2. Materials and methods
2.1. Animals and cell lines
BALB/c male mice were obtained from the Laboratory Animal Cen-
ter of our university. Experimental procedures were approved by the
local ethical committee. Spermatogenic cell line GC-2spd (ts) was ob-
tained from American Type Culture Collection (Rockville, MD).
2.2. Establishment of unilateral experimental cryptorchidism and
preparation of testicular specimens
Unilateral experimental cryptorchidism was established as described
[11]. The testes were removed and weighed either 3, 6 or 9 days after
surgery.
To provide evidence to demonstrate the possible interaction between
Mta1 and p53, the immunoblotting expression of these molecules were
analyzed in isolated spermatogenic cells from cryptorchid testes of
postsurgical d6 and d9 according to previous work [12]. To identify
meiotic cells, RT-PCR was performed using speciﬁc primers RTF (atg-
catcgccagagctccaagagtggagtc) and RTR (cctctgcatactccgttacgttaatca-
cat) which span intron II of the Ccna1 gene and amplify a 0.5 kb
fragment.
2.3. Detection of apoptosis by DNA fragmentation assay and in situ end
labeling of fragmented DNA (TUNEL)
DNA fragmentation assay was done as previously described [11].
TUNEL assay was done according to the previous report [10].ation of European Biochemical Societies.
Fig. 1. Testicular weights of the scrotal and the cryptorchid testes. The
data are expressed as the mean ± S.E.M. from six mice. Statistically
signiﬁcant diﬀerences: *P < 0.05 and **P < 0.01.
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RNA isolation, reverse transcription and polymerase chain reaction
(PCR) were done according to our previous work [12]. Primers for RT-
PCR of Mta1 were: forward 5 0 GGC AAT GCG TGT CAA CT 3 0;
reverse 5 0 AGC CCA ACC CAA ACC AG 3 0. Primers for GAPDH
(GenBank: DQ403054) were used to provide an internal control: for-
ward 5 0 GCC TCA AGA TCA GCA AT 3 0; reverse 5 0 AGG TCC
ACC ACT GAC ACG TT 3 0.
2.5. Western blotting
Western blotting was carried out as described previously in nuclear
fractions [13] and in cytosolic fractions [14]. Primary antibodies used
were rabbit polyclonal FL-393 for p53 protein (Santa Cruz Biotechnol-
ogy Inc., dilution 1:1000) and goat polyclonal SC-9446 for Mta1 pro-
tein (Santa Cruz Biotechnology Inc., dilution 1:800). The membranes
were then incubated in secondary HRP-conjugated anti rabbit-IgG
(Cell Signaling, dilution 1:2000) antibody or HRP-conjugated anti-
goat IgG (Sigma, dilution 1:3000) for 1 h at room temperature. ECL
system (Amersham Biosciences) was ﬁnally used to develop Western
blots. b-Actin was served as loading control.
2.6. Immunohistochemistry
The speciﬁcity of the primary antibody has been evaluated in our
previous work [10]. Immunohistochemical detection of Mta1 peptide
was carried out exactly according to our previous report [10]. Diﬀerent
testicular cell types were identiﬁed based in morphological criteria, in
keeping with previous references [15].
2.7. Plasmid construction and cells transfection
Full-length Mta1 cDNA was isolated from a mouse testis cDNA li-
brary. His-tagged Mta1 was generated by cloning the entire reading
frame into pcDNA3.1-His vector using restriction sites EcoRI and
ApaI (underlined). The primers used in PCR were forward 5 0-
GAATTC GTA CCA GGC TGA CAT CAC TG-3 0 and reverse 5 0-
GGGCCC TTC GGG CAG CCG TGC TGT G-3 0.
Transfection was carried out using LipofectamineTM 2000 follow-
ing the manufacturers instruction. Upon transfection, the old medium
was replaced with fresh serum-free DMEM, and the transfection com-
plex was added. Forty-eight hours after transfection, cells were selected
in media containing 1 mg/ml G418. Several individual clones were iso-
lated and expanded, and expression of exogenous Mta1 was veriﬁed
using anti-His monoclonal antibody (Abcam, Cambridge, UK) as de-
scribed in supplementary material 1.
2.8. In vitro germ-cell culture and induction of apoptosis by heat stress
Transfected cells were plated at a density of 2.53 · 105 cells/ml in
RPMI medium containing 10% FCS. Cell viability was assessed by try-
pan blue exclusion. Heat stress was inducted by maintaining the tem-
perature of culture at 32 C for 30 min and cells were harvested 6 h
later.
2.9. Annexin V staining
Cells were washed twice with cold PBS and resuspended in 100 ml of
binding buﬀer. Then, 5 ml of Annexin V-FITC (PharMingen, San Die-
go, CA, USA) and 10 ml of 20 mg/ml PI (Sigma) were added to these
cells. After incubation at room temperature for 20 min, 500 ml of an-
nexin-binding buﬀer was added to each sample, and the stained cells
were counted by ﬂow cytometry.Fig. 2. Eﬀects of heat stress on testicular apoptosis. (A) Testicular
specimens were obtained at postsurgical d0, 3, 6 and 9. Apoptotic
status was identiﬁed by the formation of DNA fragmentation ladders
when compared to a single band (empty arrow) observed in the control
group. (B) Positive cells were identiﬁed as spermatogonia (arrows) and
pachytene spermatocytes (arrowheads) in TUNEL assay of testicular
sections. Bar = 50 lm.3. Results
3.1. Conﬁrmation of the animal model
The change of testicular weight was recorded over a 9-day
period. The weights of the cryptorchid testicular weights de-
creased in a time-dependent manner. As demonstrated in
Fig. 1, a 26.7% weight loss at postsurgical d6 and a further
53.4% weight reduction was noted from postsurgical d6 to 9.
We subsequently assessed the apoptosis status, by DNA
fragmentation assay and TUNEL staining, to conﬁrm the
experimental model. Treatment of BALB/c male mice withunilateral cryptorchidism surgery resulted in a time-dependent
internucleosomal DNA fragmentation, evidenced by the for-
mation of gradually increasing DNA ladders (from postsurgi-
cal d6 to 9) (Fig. 2A). In contrast, no DNA ladders were
detected in control group.
To further characterize the experimental model, TUNEL as-
says were done in the testis (Fig. 2B). In general, at 3 days after
cryptorchidism surgery, there were not yet signiﬁcantly en-
hanced number of TUNEL-labeled cells, but a gradual in-
crease was noted at 6–9 days. Consistent with the previous
report [17], TUNEL-positive cells were restricted to the basal
regions of seminiferous tubules, suggesting that they were
mainly degenerated spermatogonia (arrows) or a few early
spermatocytes (arrow heads). Histological examination at
postsurgical d12 also supported these ﬁndings (see supplemen-
tary material 2).
Fig. 3. Quantitative analysis of Mta1 expression at postsurgical d0, 3,
6 and 9 by semi-quantitative RT-PCR (A) and Western blotting
analysis (B).
Fig. 4. Immunohistochemical detection of Mta1 expression in diﬀerent
testicular sections. Detailed information about Mta1-positive cell types
was demonstrated by using various markers: pahytene spermatocytes,
arrows; Sertoli cells, arrow heads; spermatogonia, empty arrows;
Leydig cells, empty arrow heads; elongated spermatids, curved arrows.
A negative control using preabsorbtion of the primary antibody was
presented in the inserted window (a). Bar = 50 lm.
Fig. 5. Expression of Mta1 and p53 in spermatogenic cells. (A)
Isolated pachytene spermatocytes by velocity sedimentation. (B)
Ampliﬁcation of ccna1 (a pachytene marker) by RT-PCR. (C)
Expression of Mta1 and p53 in pachytenes at protein level.
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RT-PCR and Western blot analyses were done to examine
the eﬀect of cryptorchidism on the expression of Mta1. The
sham operative groups were served as control group. Persistent
expression of Mta1 in mouse testis was detected at all time-
points using semi-quantitative RT-PCR. However, testicular
level of Mta1 mRNA was high in control group and at post-
surgical d3, and progressively decreased thereafter, with mini-
mum expression at postsurgical d9 (Fig. 3A). Such an
expression proﬁle was conﬁrmed by Western blot analysis of
representative testicular samples that also showed minimum
expression at postsurgical d9 (Fig. 3B). The loss of Mta1
expression might be ascribed to apoptotic spermatogonia
and spermatocytes (see below). In fact, there was a signiﬁcant
reduction in the testis weight following cryptorchidism and by
9 days the testis weight was reduced to about 50% of the con-
trol values (Fig. 1). This reduction must be due to the loss of
speciﬁc germ cells due to apoptosis.
3.3. Immunohistochemical analysis of Mta1 protein expression
pattern in cryptorchid testis
Generally, we found a gradually decreasing immunoreactiv-
ity inside the seminiferous tubules since postsurgical d6, with
minimum expression at postsurgical d9 (Fig. 4). In all experi-
mental groups, the immunostaining of Mta1 was predomi-
nantly present in the nucleus of pachytene spermatocytes
(arrows) and of spermatogonia (empty arrows). In contrast,
elongate spermatids (curved arrows) or Leydig cells (empty ar-
row heads), did not exhibit speciﬁc immunostaining. Interest-
ingly, the cytoplasm of Sertoli cells (arrow heads) were also
intensively stained in the control group (Fig. 4A) but negative
in the cryptorchidism groups (Fig. 4B–D).
Mta1 was mainly localized in pachytene spermatocytes and
so is p53 [9]. To demonstrate a possible interaction between
these two molecules, we further isolated pachytene spermato-
cytes from cryptorchid testes (Fig. 5A). Ccna1 (encoding cyclin
A1, a marker of late pachytene spermatocytes) was ampliﬁed
to identify tetraploid germ cells (Fig. 5B). As reﬂected in
Fig. 5C, the decrease of Mta1 expression was consistent with
the increase of p53 expression.
3.4. Eﬀects of Mta1 over-expression on testicular apoptosis-
induced by heat stress and on the expression of p53
We further investigated the capacity of GC-2spd (ts) cells
over-expressing exogenous Mta1 to undergo heat stress-in-
duced apoptosis by DNA fragmentation assay and Annexin
V staining. As seen from Fig. 6A, treatment of GC-2spd-
Mta1 cells with 32 C for 15 min did not result in internucleos-omal DNA fragmentation. In contrast, apparent DNA ladders
were detected in the sample from GC-2spd-vector cells. The re-
sults of Annexin V staining also suggested that the apoptotic
Fig. 6. Eﬀects of Mta1 over-expression on transfected GC-2spd (ts)
against apoptosis induced by heat stress. Cells were maintained in
culture medium at 32 C for 15 min to induce apoptosis. Total DNA
was then extracted from cells and subjected to DNA fragmentation
assay by electrophoresis on 1.5% agarose gel (A). Annexin V/
propidium iodide binding analyses were presented in (B). The
apoptotic rate of pcDNA3.1-His-Mta1 tagged cells was signiﬁcantly
lower than that of control cells (11.6% vs. 32.4%). Results were
representative of three independent experiments. **P < 0.01 vs.
pcDNA3.1-His-vector cells. To explore the potential relationship
between Mta1 and p53, the protein expression level of the latter was
also shown in panel C. b-Actin was used as an internal control.
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control cells (32.4% vs. 11.6%) (Fig. 6B). Similarly, the p53
protein level of transfected cells was lower than that of control
cells transfected with pcDNA3.1-His-vector (P < 0.01,
Fig. 6C).4. Discussion
Apoptosis plays an important role in controlling germ-cell
numbers and qualities during spermatogenesis [16]. Among
the diﬀerent candidates inﬂuencing the apoptotic process dur-
ing spermatogenesis, p53 is believed to be a guardian of gen-
ome integrity [17]. MTA1 has been identiﬁed as a novel
chromatin modiﬁer with severe implications in the promotion
of metastatic capabilities of various malignancies. Mta1 pro-tein could regulate cell fate programs by modifying the acety-
lation status of crucial target genes. Most important, MTA1
protein could inhibit p53-induced apoptosis by deacetylating
of p53 in cancer cells. Collectively, these observations led us
to presume that additional modulation of Mta1 against p53
activity during spermatogenesis is possible.
Germ-cell apoptosis can be induced by various pathological
conditions [9]. It has been shown that a p53-dependent path-
way is responsible for the initial phase of germ-cell loss by
apoptosis from day 6 to day 9 and Fas is responsible for the
second phase of apoptosis starting at day 10 of cryptorchidism
in experimental cryptorchid testis [9]. Thus, to investigate the
possible interaction between Mta1 and p53 in apoptotic func-
tion, we ﬁrst established an experimental mouse cryptorchi-
dism model and explored the expression pattern of Mta1
during a 9-day period of cryptorchidism. Paralleled by a
time-dependent decrease of testicular weight, unilateral crypt-
orchidism increased testis DNA cleavage into low molecular
weight ladders characteristic of apoptosis in a time-dependent
manner, with a detectable increase observed at P6. The germ
cells most sensitive to heat stress were identiﬁed as primary
spermatocytes and spermatogonia.
Testicular expression of Mta1 was then assessed in experi-
mental cryptochidism. Mta1 was constantly expressed during
the whole experimental period, with high levels at day 3 after
surgery and notably decreasing expression at day 6 after sur-
gery (P < 0.05, compared to the control group) and thereafter
reached the minimum at day 9 after surgery (P < 0.01, com-
pared to the control group). This expression proﬁle was consis-
tent with the onset of apoptosis induced in adult-mouse model
of experimental unilateral cryptorchidism [18] and was just
opposite to the expression of p53. Interestingly, Mta1 positive
signal as well as p53 immunoreactant was both dominantly
localized in pachytene spermatocytes and spermatogonia.
Overall, our current results combined with previous report that
apoptotic activity of p53 could be suppressed by MTA1
deacetylation function, strongly suggested that decreased
expression of Mta1 may be responsible for the upregulation
of p53 and for the subsequent massive apoptosis of meiotic
germ cells.
To further examine whether the anti-p53-induced apoptotic
property was intrinsical in testicular function of Mta1, we ana-
lyzed the eﬀects of over-expression of Mta1 against heat stress
in vitro. A temperature sensitive spermatocyte-like cell line,
namely GC-2spd (ts), which allows for p53 nuclear localization
at 32 C [19], was overexpressed His-tagged Mta1 and sub-
jected to heat stress stimulation. The apoptotic status was
remarkably inhibited in the transfected cells. In good agree-
ment, Western blotting detected a notable decrease of the
expression of p53 protein. Thus, it appears probable that
threshold Mta1 input is capable of maintaining low testicular
expression of the p53 gene and can accordingly resist the apop-
tosis induced by heat stress.
To note, regulation of Mta1 expression is likely a key event
in the modulation of its biological actions in target tissues. To
date, knowledge of upstream regulators of the MTAs is limited
[20]. To this end, compelling evidence indicates that a plethora
of heterologous endocrine signals modulate the expression of
MTA1 in vitro. Activation of the heregulin/HER2 (one of
epidermal growth factor (EGF) receptors) pathway can
remarkably stimulate the expression of MTA1 and lead to
suppression of histone acetylation and enhancement of deace-
W. Li et al. / FEBS Letters 582 (2008) 869–873 873tylase activity [21]. In fact, the implications of EGF in the reg-
ulation of spermatogenesis have been ﬁrmly established [22].
Thus, a potential regulatory role of EGF in the deacetylation
activity of Mta1 during spermatogenesis was strongly sug-
gested.
In summary, the present results illustrate a novel mode of
action of Mta1 upon heat stress-induced testicular germ-cell
apoptosis, with predominant inhibitory eﬀects on the expres-
sion of p53. Together with previous reports on the expression
patterns of these two peptides, our present data pointed out
the reproductive facet of Mta1, which might be relevant for
the understanding the biological basis of the dual coregulatory
activity of this modiﬁer.
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